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1 Introduction 



Supersymmetry is one of the most motivated candidates for physics beyond 
the standard model because it makes the hierarchy between the electroweak 
scale and a fundamental scale, such as the Planck scale, stable against ra- 
diative corrections. Of course, supersymmetry needs to be softly broken 
in Nature as we have not yet observed any superparticle. The main chal- 
lenge in supersymmetric model building is probably the flavor problem: arbi- 
trary soft breaking of supersymmetry would induce too-large flavor-changing 
neutral-current effects. This problem can be swept under the rug by mak- 
ing specific assumptions about the superparticle mass spectrum at the elec- 
troweak scale. However, justifying such assumptions in a consistent frame- 
work which includes the explanation for the fermion mass hierarchy proves 
difficult. The main reason for the difficulty is that any models which explain 
the fermion mass hierarchy must distinguish three generations of quarks and 
leptons. Their structures should also be sufficiently complicated to generate 
the observed fermion mass hierarchy. For instance, in the so-called Froggatt- 
Nielsen mechanism there are a bunch of heavy fields which distinguish 
different flavors and generate the effective Yukawa couplings when they are 
integrated out. These dynamics generically make the masses of squarks and 
sleptons non-degenerate, and hence cause dangerous flavor- changing effects 

One way to avoid such a problem is to assume that superparticle masses 
are generated at an energy scale much lower than the energy scale of flavor 
physics which explains the fermion mass hierarchy. This is indeed the idea 
behind the gauge mediation of supersymmetry breaking 0, H (and recently 
revived by ||). No matter how complicated the flavor physics is, its only low- 
energy consequences are the Yukawa matrices of quarks and leptons below the 
scale of flavor physics. The superparticle masses are generated at much lower 
energy scales where the only flavor- dependent parameters in the Lagrangian 
are the Yukawa matrices. This makes the flavor physics completely hidden 
from the superparticle masses and hence safe phenomenologically. The same 
is true of recently proposed gaugino mediated supersymmetry breaking J7| || . 
The scale of flavor physics should be above the compactification scale where 
the superparticle masses are generated, and there is barely room for flavor 
physics above the compactification scale. However, flavor-mechanisms of a 
purely extra- dimensional nature || |1(| should work well in this context JTT 



Anomaly mediation of supersymmetry breaking |T2L [TB| is another possi 
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bility. If soft supersymmetry-breaking parameters are generated from super- 
conformal anomalies, their pattern at an energy scale is determined only by 
the physics at that energy scale. The only source of supersymmetry breaking 
in this scheme is in the auxiliary component of the supergravity multiplet, 
and hence there is only one free parameter: the overall scale of supersymme- 
try breaking. Then the pattern of supersymmetry breaking does not depend 
at all on physics at higher energy scales. This is the extremely interesting 
property: a complete ultraviolet (UV) insensitivity. Even though the flavor 
physics occurs at the energy scale below the scale where supersymmetry- 
breaking parameters are generated, the resulting low-energy parameters do 
not remember the flavor physics at all. This happens in a rather non-trivial 
fashion. Above the scale of flavor physics, there are additional interactions 
which distinguish different generations, and the soft supersymmetry-breaking 
parameters are also highly flavor-dependent. But when heavy particles, such 
as Froggatt-Nielsen fields, are integrated out, the threshold corrections due 
to the loops of heavy particles precisely cancel the flavor-dependence of the 
supersymmetry-breaking parameters. 

Despite the appeal of UV insensitivity, anomaly mediation of supersym- 
metry breaking is excluded because of its high predictivity: sleptons masses- 
squared are negative and hence the theory would break electromagnetism. 
There have been proposed various fixes to this problem |TJ], |T5| [Ti| . Perhaps 
the most elegant idea is to use non-decoupling effects |L4j]: if a heavy thresh- 
old arises due to supersymmetry-breaking effects, integrating out the heavy 
particles would modify the low-energy breaking parameters off the anomaly- 
mediated trajectory. Unfortunately, this casts doubt on the very virtue of 
the UV insensitivity; if the non-decoupling physics is flavor-dependent, the 
absence of flavor-changing effects cannot be guaranteed. 

In this paper, we point out that there is a different way to modify the 
anomaly-mediation of supersymmetry breaking in such that the complete 
UV insensitivity is preserved. In addition, the scalar masses can be modified 
to make slepton masses positive. This is done by introducing more sources 
of supersymmetry breaking, namely the auxiliary components in the abelian 
gauge multiplets. The gauge multiplets are not dynamical; their only raison 
d'etre is to break supersymmetry in their D-components. If the associated 
fictitious gauge symmetry is non-anomalous under the physical gauge groups, 
the D-components renormalize among themselves and their contributions to 
the scalar masses are completely determined by the fictitious gauge charges 
of the matter fields. Because in a given theory there are only a finite num- 
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ber of fictitious anomaly-free abelian gauge symmetries one can consider, the 
number of parameters is still small. There are only two additional free param- 
eters in the case of the Minimal Supersymmetric Standard Model (MSSM) 
or Next-to-MSSM (NMSSM): D-components of U(1) Y and U(1) B -l- 

The model we present is distinct from that of |l6j in the following way. 
The authors of [[TIJ consider adding ~ (TeV) 2 Fayet-Iliopoulos terms to the 
theory to make slepton masses- squared positive. This suggests the existence 
of an additional U(l) gauge symmetry at the weak scale (along with standard- 
model singlets to cancel anomalies). In our approach, only the MSSM or 
NMSSM fields appear at the weak scale while the weak-scale .D-terms can 
be generated by breaking U{1)b-l at an arbitrarily high scales. In addition, 
there is no discussion in |T6| of the origin of the Fayet-Iliopoulos terms, 



nor of the complete UV insensitivity of introducing supersymmetry breaking 
through background D-terms. 

This paper is organized as follows. In Section ^|, we review the basics of 
anomaly mediation. We then show that adding D-terms for non-anomalous 
abelian symmetries to the anomaly mediation still gives a consistent trajec- 
tory for renormalization-group equations (RGEs) in Section |[ In particular, 
we show that the pattern of soft parameters is determined completely by 
physics at the energy scale of interest (UV insensitive) with a small num- 
ber of independent parameters. In Section |], we present a model where one 
obtains anomaly-mediated supersymmetry breaking together with D-term 
contributions, by breaking supersymmetry and the abelian gauge groups on 
hidden brane(s). We derive the superparticle spectrum in Section [5[ In Sec- 
tion |6| we show that small Dirac neutrino masses are generated naturally 
within our model with order of magnitudes remarkably consistent with the 
atmospheric neutrino data. Finally we conclude in Section [7]. 



2 Anomaly Mediation 

Anomaly mediation of supersymmetry breaking assumes that the only source 
of supersymmetry breaking is in the F-component of the Weyl compensator 
field cf) in supergravity: = 1 + 6 2 m^/2- Here and below, we follow the 



discussions in ||14|| . Because the Weyl compensator appears in front of every 
dimensionful parameter, it appears in particular in front of the UV cutoff 
of the theory, or equivalently, of the renormalization scale //. Therefore, the 
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coefficient of the matter kinetic term 

J d^Z^QtQi, (1) 
where Q denotes a matter chiral multiplet in general, is given by 

ZA,,) = Z,\-fL,\. (2) 



Here, Zj is the wave function renormalization factor in the supersymmetric 
theory. In general, the expansion of the matter kinetic term gives the trilinear 
couplings and the soft scalar masses-squared 

ln^O) = ln^O) + (0 2 A(» +h.c.) - 9Wm\{p). (3) 

The trilinear couplings for the superpotential term XQiQjQk is given by 
X(Ai + Aj + A k )QiQjQ k . Comparing Eqs. (g, |), we find 

Ajk = --(7< + Jj + lk)m 3/2 , (4) 
m l = ~\m 3/2 \ 2 . (5) 

Here, 7, is the anomalous dimension and 7$ = dji/dki/j,. 
The gauge kinetic term 

J d 2 6S{fi)W a W Q , (6) 

is renormalized only at the one-loop level due to holomorphy [O, [18| , while 
the physical (canonical) coupling corresponds to the real superfield R([i) with 



Tg_ 

iir 2 ' Ntt- 



R(li) - ^ In Rfa) = S(/i) + SfiQi) - — 2 E^ln^(/i), (7) 

where 



J2(A0 = + + h-c. ) + 9 2 8 2 Rd. (8) 

We are not interested in Re> in this paper. Again using the fact that the 
renormalization scale comes together with the Weyl compensator 

mm = <r- 1 -^=1- (0) 



we find 

The one unfortunate feature of the above spectrum of soft parameters is 
the sign of the sleptons squared masses. This comes from the fact that, for 
fields Qi without large Yukawa couplings, the dominant contributions to ji 
are proportional to the beta functions of gauge couplings. Since the SU (2) 
and U(l) gauge groups of electroweak theory are both asymptotically nonfree 
in the MSSM, the color-blind sleptons receive large negative contributions to 
their squared masses. The minimum of the potential in the above theory 
breaks electromagnetism near the scale of the soft masses ruling out the 
model. 

One otherwise remarkable feature of the spectrum which compounds the 
slepton mass problem is its UV insensitivity. Though the soft parameters 
are generated at the Planck scale, the functional form of Eqs. |5], [P0| ) are 
valid at the weak scale. The fact that they indeed solve the RGEs at all 
orders in perturbation theory provides a non-trivial check. No matter how 
complicated physics is at high energies, which presumably distinguish flavor 
in order to generate fermion mass hierarchies via, e.g., the Froggatt-Nielsen 
mechanism the low-energy soft supersymmetry-breaking parameters are 
uniquely determined by a single parameter m.3/2 and hence the flavor breaking 
is only given by Yukawa couplings. This makes the constraints from the lack 
of flavor-changing processes essentially automatically satisfied. 

Note that the term UV insensitivity refers to the lack of dependences 
on the particles and interactions in the ultraviolet in the observable sector. 
The way the supersymmetry breaking effects are induced in the observable 
sector definitely depends on the coupling between the hidden and observable 
sectors. The point is that once a particular coupling between two sectors 
is specified, in this case by putting them on different branes with no light 



moduli mediating supersymmetry breaking in the bulk [12|, we obtain super- 



symmetry breaking effects reviewed in this section no matter what particles 
and interactions there are in the observable sector. This is the property pre- 
served in the modification of the anomaly-mediated supersymmetry breaking 
which will be discussed in the next section. 
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3 D-term Contributions 



In the previous section, we reviewed how the supersymmetry breaking in 
the Weyl compensator field 0=1 + 6 2 m 3 / 2 induces supersymmetry-breaking 
effects via superconformal anomalies. Here we extend the discussion by in- 
cluding a fictitious abelian gauge field V = 6 2 6 2 D with D / 0. We show 
that the low-energy supersymmetry-breaking parameters are completely in- 
sensitive to physics in the UV analogous to the purely anomaly-mediated 
case. The RGE property under the D-term background was also discussed 



in [16], |19 |. Here we give an all-order proof using superfield spurion formalism 
and also discuss the complete UV insensitivity. We use the notations of ]2T)| . 

The idea is to identify an anomaly-free U(l) symmetry in the theory 
and to pretend that it is gauged. This introduces a fictitious gauge mul- 
tiplet without a kinetic term. We assume that the gauge multiplet has a 
supersymmetry-breaking spurion in its D-component: 

V = eWD. (11) 

If needed, we can further introduce a "spectator" field to cancel the U(l) 3 
anomaly as well, which has no interactions with physical fields in the super- 
potential. But because this gauge multiplet is non-dynamical, the spectator 
fields then do not have any interactions from the rest, and hence do not 
modify the discussions at all except for justifying the "gauging" of the U(l) 
symmetry fictitiously. 

Because we know the U(l) charges of the matter fields under this fictitious 
U(l) gauge symmetry, it uniquely determines how the D-term couples to the 
matter fields, and the coefficients 2$ are changed to 

Zi^Z ie * v , (12) 

where q% is the U(l) charge of the chiral multiplet Qi. This coupling con- 
tributes to the scalar masses 

m 2 — > m 2 — m 2 — qiD. (13) 

It is easy to see that if mf (/x) is a RGE trajectory, so is mf(yu). The point is 
that the counter term to the kinetic term takes the form Z = Z(fi) + SZ, 
where 
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because of the reparameterization invariances 



S^S-^Y, T i A v Kjh - e-^+^+^U^. (15) 



The shift in 5 is due to the Konishi anomaly pl| , |18[ . In the function C, the 
dependence on the superpotential couplings have the product of three kinetic 
coefficients ZjZ^Z\. Under the modification Eq. (p^2|), this product changes 
by e^ 9j+qk+qi ' v . However, the fictitious U(l) gauge invariance demands that 
Qj + Qk + Qi = for the superpotential coupling XjkiQjQkQi to be allowed, and 
hence there is no dependence on V here. Another possible dependence is in 
S + Sft — J2j Tj In Zj, where the possible shift is given by — ■ TjqjV. 
However, the condition that the fictitious U(l) symmetry is anomaly-free 
under the true gauge groups J2j QjTj = tells us that this possible shift 
actually vanishes. Thus, an RGE trajectory remains an RGE trajectory even 
after the change Eq. flT2|). Therefore, the anomaly- mediated supersymmetry- 
breaking parameters, together with the D-term contributions, would solve 
the RGE and are hence consistent. 

The main result of this paper is that the anomaly-mediated supersym- 
metry breaking together with the D-term contributions preserves the UV 
insensitivity of the purely anomaly-mediated case. The argument is very 
simple. No matter what the high-energy theory may be, it should preserve 
the fictitious U(l) gauge symmetry whose gauge multiplet contains the D- 
term background. After integrating out the heavy fields, the low-energy 
fields should still satisfy the same fictitious U(l) gauge symmetry, which 
uniquely determines the D-term contributions. The necessary and sufficient 
condition for this to hold is that the fictitious U(l) gauge symmetry is not 
spontaneously broken by high energy physics. 

It is important that there is an additional operator in the low-energy 
theory consistent with the fictitious U(l) gauge invariance if there are U(l) 
gauge fields, such as U{1)y in the standard model. From the fictitious e v , 
one can construct the fictitious W a = 8 a D. Then the operator 

c J d 2 6 W a W? = cDD Y = £ Y D Y) (16) 

is allowed, and this is nothing but the Fayet-Iliopoulos D-term £y = cD for 
the U(l)y gauge multiplet. c is an arbitrary coefficient for this operator. 



7 



Therefore, in the low-energy theory, all the scalar masses-squared are shifted 
by qiD, and there is a possible Fayet-Iliopoulos D-term for each of the U(l) 
gauge factors, with arbitrary coefficients. 

Note that the spurion parameter D does not run, while £y does being a 
renormalizable coupling. For example, £y receives renormalization propor- 
tional to TrqiYi at the one-loop level. An interesting point to check is the 
reparameterization invariance of the .D-terms. Since the total masses- squared 
including the Fayet-Iliopoulos term is 

m^O) -> rh^ifi) = m ? 2 0) - q^D + &(n)Y£ Y (n), (17) 

one can change the definition of the U(l) charge as q[ = q^ + 77 while 
changing the Fayet-Iliopoulos term as £ y = £y+i]D/ g Y - The renormalization 
of £y also changes accordingly including now a term proportional to Trg^Yj. 
The running of soft parameters is unaffected iff D is unrenormalized in both 
bases because the renormalization of £ y changes and cancels the redefinition 
of other parameters. 

4 Model 

It is easy to justify the assumptions of our picture, namely the controlled 
introduction of supersymmetry breaking through the Weyl compensator and 
the D-term of a fictitious gauge multiplet. 

It was pointed out in [JTJ] that a physical separation between the observ- 
able and the hidden sectors by putting them on different branes results in 
their separation in the Kahler density, and hence the Kahler potential takes 
the form 

K= -3 In (l - l -f UQ,Q ] ) ~ i/hid(#, # f )) , (18) 

where H denotes the hidden sector fields and / b s , Aid are arbitrary real 
functions. The superpotential has also a similar separation between observ- 
able and hidden pieces. This separation was shown to give vanishing soft 
masses-squared at the tree-level and the supersymmetry breaking is given 
purely by anomalies. 

We propose an additional U(l) gauge field in the bulk, which is broken 
on the hidden brane. The anomaly cancellation on the observable brane 
is obviously required. Because the Kahler potential has two independent 
functions / Q b s and /hid, even though the true gauge invariance is only a single 
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U(l), there are two global U(l) symmetries acting on observable and hidden 
fields separately. This U(l) x U(l) is reduced to the diagonal subgroup only 
through charged bulk fields coupling to both branes. If these charged fields 
are heavy, therefore, the two global £7(1) 's are preserved up to exponentially 
small effects. After the U(l) group is broken on the hidden brane, the zero- 
mode gauge multiplet can pick up a non-vanishing D-component due to the 
supersymmetry-breaking effects on the hidden brane. This effect introduces 
e v with V = 6 2 6 2 D as discussed in the previous sections. 

A simple toy model is given as follows. Let us consider three chiral 
superfields X, ip and $ living on the hidden brane with the U(l) charges 
X(0), and 1). We introduce the superpotential 

W = X(W-» 2 ), (19) 

which forces vp, ip to acquire expectation values. Now, since ip and fields 
are living on the hidden brane, they can directly couple to the field z which 
breaks supersymmetry by its F-component in the Kahler potential, i.e., K 3 
-^z^ztp^ip + ■^z^z^'ip. These couplings generate soft masses for the ip and 
%[) fields in addition to the anomaly-mediated ones. If c and c are different, 
then, the two soft masses are different, ^ m|, resulting in different 
expectation values for the ip and ip fields. This causes nonvanishing £)-term 
expectation value for the gauge multiplet at low-energy, giving soft masses for 
the observable fields proportional to their U(l) charges. Since the D-term 
expectation value is of order ~ cFz/M*, however, we need somewhat 
small coefficients c ~ c ~ l/((167r 2 ) 2 M^i?) to make the D-term contribution 
comparable to the anomaly mediated one. Here, R is the compactification 
radius for the extra dimension. 

The above dynamics can also be understood in the following way using 
superfield spurion language. The Kaher potential for the tp and %p fields can 
be written as 

K = ^e u+v i) + fte - v 4>, (20) 

where V is the U(l) gauge multiplet, while U = —6 2 8 2 m 2 h and U = —6 2 6 2 m 2 r ) 
parameterize the soft masses for the ip and ip fields coming from direct cou- 
plings to the z field. Now we integrate out all the heavy fields in the theory 
in a supersymmetric manner. When ip and ip acquire expectation values, we 
can go the unitary gauge ip = ijj = /i and find 

K = fi 2 (e u+v + e°- v ). (21) 
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Minimizing it with respect to V, we find V = —(U — U)/2 = 2 2 {m 2 h — 
m|)/2, and hence the gauge multiplet acquires an expectation value in its 
D-component. Since the gauge multiplet couples to matter fields Qi on the 
observable brane such as 

K = Qh^Q^ (22) 

it induces D-term contribution to the matter scalar masses according to their 
U(l) charges 

An important point is that the global U(l) symmetry in the effective 
theory of the observable brane is not broken even after ip and ip fields have 
expectation values, because of the accidental global U(l) symmetry in the 
Kahler potential at the tree-level. Therefore, the interactions among the 
observable fields respect the U(l) invariance which is necessary for the soft 
masses to be on the trajectory defined by Eq. flT3p. One may worry that 
loop diagrams by the bulk £7(1) gauge field can break the U(l) symmetry 
on the observable brane; however such effects can be made arbitrarily small 
by making the U(l) gauge coupling constant small, while the D-term con- 
tribution to the scalar masses is independent of the size of the U(l) gauge 
coupling constant, as we have seen already explicitly and has been known for 
some time 0. 

One can also make a more realistic model in which the anomaly-mediated 
and D-term contributions appear naturally at the same order. Let us con- 
sider that the 6 r (l)-breaking fields ip and ip live on the third brane which is 
different from the observable and the supersymmetry-breaking branes. Sup- 
pose that ip = ip direction is a flat direction, and ip an d V> have different 
interactions in the superpotential. Then, the anomaly-mediated contribu- 
tion generates expectation values for these fields but two expectation values 
are slightly different, so that there remains nonvanishing D-term of the order 
of the soft masses generated by anomaly mediation. This D-term contribu- 
tion is nondecoupling and gives soft supersymmetry-breaking masses to the 



observable fields proportional to their U(l) charges [ 14[ . A crucial difference 



from the previous toy model is that the resulting D-term contribution is au- 
tomatically the same order with the anomaly-mediated one. Once again, an 
important point here is that since ip and fields live on a different brane 
than the observable one, they do not directly couple to the standard-model 
fields. Therefore, no matter how large the U(l) gauge symmetry is broken 
by the expectation values of the ip and ip fields, the interactions among the 
standard-model fields still respect the U(l) invariance. The only assumption 
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needed is that there is no light bulk field which carries nonvanishing U(l) 
charge. 

In order to understand the importance of breaking the bulk U(l) on a dif- 
ferent brane, consider the following simple toy model where direct couplings 
between the U(l) breaking fields and the standard-model fields are allowed. 
In addition to the light fields, there are superheavy fields \I> with U(l) 
charges of —2, +2 and a field •p with charge +1 which gets an expectation 
value to break the U(l) symmetry. Suppose a light field I also has charge 
+ 1. Then we can write the relevant interactions 

W = W<p + M*tf*. (23) 

Upon integrating out \1/ and ty, we generate the following term in the Kahler 
potential: 

(24) 

Once tp acquires its expectation value, and inserting the D-term for V, this 
gives a contribution to the I soft mass which is not proportional to its U(l) 
charge and is off the trajectory. Of course, preserves U(l) and hence 
there is no reason for it to be as low as ip; if ip <C the deviation from 
the trajectory can be suppressed. But <p <C is an additional assumption 
spoiling the spirit of UV insensitivity we are seeking. 

Note that the U(l) hypercharge gauge field is localized on the observable 
brane and does not get a D-term in the above way. However, once the 
bulk U(l) gauge multiplet obtains the D-term expectation value, the Fayet- 
Iliopoulos D-term for other U(l) gauge multiplets on the observable brane 
can be generated either from the tree-level kinetic mixing terms / d 2 9 W^W? 
or from loop corrections. Specifically, the Fayet-Iliopoulos term for the U(l) 
hypercharge can be generated in these ways. 

Therefore, the features necessary to introduce supersymmetry breaking 
in the controlled way we desire, through the F-component of the Weyl com- 
pensator field as well as the D-term of a spurious background gauge field, 
can be naturally obtained by separating the observable and hidden sectors 
on different branes with a bulk U(l) gauge field broken on a brane other than 
the observable one. 



11 



5 The (N)MSSM 



In the MSSM, the squarks and sleptons have known gauge quantum numbers 
and Yukawa couplings and hence their masses from anomaly mediation are 
completely calculable. This high degree of predictivity results in disastrous 
negative masses-squared for the sleptons and hence the model is excluded. 
However, as shown in the previous section, we can introduce .D-terms to mod- 
ify the scalar masses-squared and it is interesting to ask if such a modification 
can make all slepton masses-squared positive. 

The first question is what non- anomalous U(l) symmetries are there in 
the MSSM. Assuming there are also neutrino masses (Dirac masses for the 
sake of the discussions here) and mixing among the leptons, there are only 
two non-anomalous U(l) symmetries: U(l)y arid U(1)b-l- Therefore we 
can introduce two additional parameters to the anomaly mediated super- 
symmetry breaking, Dy and Db-l- Here and below, we use the notation 
Dy = — <7y£y- m the framework of higher dimensional models discussed in 
the previous section, the U(1)b-l gauge field is identified with the bulk U(l) 
gauge field and Dy is generated through kinetic mixing between U(1)b-l 
and U{l)y. The slepton masses are then modified as 

m L -> rhl = ml + ^D Y + D B -L, (25) 
m § _> ml = ml - D Y - Db-l, (26) 

where mj~ represents the pure anomaly-mediated contribution. A necessary 
condition for a viable spectrum is 

D Y < -D B -L < \d y < 0. (27) 

It has been shown that the spectrum can in fact be made viable in some 
region of parameter space [[UJ . 

As for the particles in the supersymmetric standard model, we find the 
gaugino masses 

Mi = 1.43M, 

M 2 = 0.414M, (28) 
M 3 = -3.67M, 
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where M = m 3 /2/(167r 2 ). The masses for the first and second generation 
scalars with Yukawa couplings neglected are 

m\ = -0.351M 2 + ^D Y + D B _ L , 
m \ = -0.374M 2 - D Y - D B _ L , 

m| = 11.7M 2 - ^D Y - \d B - L , (29) 
m\ = ll.8M 2 + ^D Y + ^D B _ L , 
m\ = 11.9M 2 - ^D Y + \db-l, 
while for the third generation scalars and Higgs bosons 



m 2 f 


= -0.352M 2 + -D Y 
2 


+ D B _ L 


m l 


= -0.377M 2 - D Y - 


- D B _ L , 


m% 


= 9.55M 2 - -D Y - 
6 

= 7.54M 2 + -D Y + 
3 


-D B . L} 
-D B „ L , 


m l 3 


m % 


= 11.9M 2 --Dy + 

3 


-D B ^ 


m 2 rr 


= -6.72M 2 - -D Y , 
2 ' 




m H d 


= -0.402M 2 + -D Y , 
2 



(30) 



for tan (3 = 3 as an example. Q 

An interesting feature of the above spectrum is that while the scalar 
masses receive contributions from D-terms, the gaugino masses remain those 
of anomaly mediation. Thus, in a broad region of the parameter space, the 
lightest supersymmetric particle is the neutral wino nearly degenerate with 
the charged one, giving rise to signatures discussed in P2"| . But the sleptons 
can also be the lightest supersymmetric particle depending on the parameters 
M,Dy and D B _^. Furthermore, since the scalar masses are given by only 

* These mass parameters have been evaluated at a scale /i = 500 GeV, for simplicity. 
To obtain the physical masses, superparticle threshold corrections should be taken into 
account appropriately. 
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three parameters, there are a number of sum rules for the scalar masses as 
derived in [|1^ . 



Note that the right-handed neutrino superfield N, which in this mini- 
mal model only picks up soft masses from the D-term and the (miniscule) 
anomaly-mediated contribution from the tiny neutrino Yukawa coupling, 
gets a negative mass squared. However, this difficulty is easily remedied 
by e.g. adding additional couplings to new standard-model singlets charged 
under U(1)b-l- For instance, consider new fields X, X with charges —2, +2 
and a singlet Y with zero charge under U(1)b-l- Now add the couplings 
YXX + N 2 X. Then, the scalar components of N, Y, X, X can pick up net 
positive soft masses from anomaly and D-term mediations. 

Now it is well-known that the MSSM probably does not work within the 
anomaly-mediated supersymmetry breaking because the \x term is associated 
with a too-large Bfi term because B ~ 7773/2 rather than 7713/2/ '(167r 2 ). The 
next simplest possibility is the NMSSM with the superpotential 

\SH u H d + hS 3 , (31) 

where S is a new standard model singlet chiral superfield. Because m 2 H is 
negative and m 2 H less so with the above spectrum, it is reasonable to expect 
that one can find a correct electroweak symmetry breaking. The details of 
the phenomenological analysis is beyond the scope of this paper and will be 
discussed elsewhere. 



6 Neutrino Masses 

Since we have introduced a fictitious U(1)b-l g au g e symmetry, a natural 
question is how we can explain small neutrino masses. As mentioned ear- 
lier, Dirac neutrinos with small Yukawa couplings, possibly as consequences 
of flavor symmetries, is definitely a natural possibility within our frame- 
work. However, one can resort to other mechanisms to explain small neutrino 
masses consistent with our framework as well. 

For instance, we can consider the situation where the Kahler potential 
contains a term j^-LH u N + h.c. while the superpotential coupling LH U N is 
absent. This possibility is naturally realized using a global U(1)r symmetry, 
for example. Then, the Kahler potential term picks up the Weyl compensator 

^LH U N, (32) 
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and by expanding <fy = 1 + 6 2 m 3 / 2 , we find a term which is effectively a 
superpotential LH U N with a coupling constant of the order of ra^^jM^ ~ 
16tc 2 v (Mpi anc k-R) 1//3 /Mpi anc k |23], This size for the Dirac neutrino Yukawa 
coupling is remarkably consistent with the size expected from the atmo- 
spheric neutrino data. 

Another possibility is to write down the mass term for the right-handed 
neutrino by hand: ^NN in the superpotential, giving the standard seesaw 
mechanism ||25|| . This of course breaks U(1)b-l explicitly, but only softly, 
and does not change the RGEs of soft supersymmetry-breaking parameters 
at all. The only concern is the threshold corrections when the right-handed 
neutrinos are decoupled. It is interesting that the threshold corrections 
are still exactly the same with supersymmetric thresholds which keep the 
supersymmetry-breaking parameters on the trajectories of our framework 
at the leading order. One may imagine that such L r (l)s_i-breaking mass 
parameter was induced on our brane by a field carrying U(1)b-l charge 
in the bulk, or even simply by a spontaneous breakdown occurring on our 
brane since dangerous operators such as those given in Eq. (|24|) are gener- 
ically generated only at the loop level. In this framework, however, the 
supersymmetry-breaking parameters are not exactly on the trajectories be- 
low the scale of U{1)b-l breaking, and one expects corrections at higher 
orders in 1 / (167T 2 ) . 



7 Conclusion 

Anomaly mediation of supersymmetry breaking is attractive because the soft 
supersymmetry breaking parameters at a given energy scale are determined 
only by physics at that energy scale (UV insensitivity) and hence is highly 
predictive (only one parameter). The resulting supersymmetry breaking pa- 
rameters are automatically safe from generating too-large flavor-changing 
neutral current effects no matter how complicated flavor physics at high- 
energy scales is. However the anomaly mediation failed phenomenologically 
because of its high predictivity: slepton masses-squared are negative. It is 
known that one can add D-term contributions for U(1)y and U(1)b~l to 
the anomaly-mediated supersymmetry breaking to make the superparticle 
spectrum phenomenologically viable. In this paper we have shown that one 
can indeed add these D-terms keeping the complete UV insensitivity no mat- 
ter how complicated thresholds there are. The only assumption is that the 
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U(1)b-l is a global symmetry in the supersymmetric standard model. 

This framework can be derived from supersymmetry breaking and U(l) b-l 
breaking on hidden brane(s). The U(1)b-l gauge multiplet lives in the bulk 
but it is broken at a high scale unlike in the gaugino mediation. Assuming 
no light bulk fields charged under U{1)b~l (similar to the usual assumption 
in anomaly mediation), the physics on the observable brane has a global 
U(1)b-l symmetry up to exponentially suppressed effects. The supersym- 
metry breaking effects are described in terms of the Weyl compensator with 
an F-component expectation value, a non-dynamical U{1)b~l gauge multi- 
plet with a D-component expectation value, and a Fayet-Iliopoulos term for 
U{1)y- Because the low-energy supersymmetry breaking is constrained by 
the superconformal and U(1)b-l invariances, the soft parameters are deter- 
mined completely by the physics at the energy scale of interest and hence 
UV insensitive. 

Despite the U(\)b-l invariance, one can still generate neutrino masses at 
the correct energy scale for atmospheric neutrino oscillations naturally due 
to an operator at the fundamental scale. 
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